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In this paper, Ni–TiO2 nanocomposite coatings with different sizes of TiO2 nanoparticles 
were successfully prepared by electrodeposition process from a nickel electrolyte in which 
the TiO2 nanoparticles were suspended. The influence of relevant deposition parameters 
on the nanocomposite coating characteristics was discussed. X-ray diffractometer has 
been applied in order to investigate the phase structure of the nanocomposite coatings. 
The surface morphology of nanocomposite coatings was characterized by a scanning 
electron microscopy equipped with an energy dispersive spectroscopy. The electrode-
posited nanocomposite coatings obtained at different deposition parameters were eval-
uated for their mechanical and corrosive properties. Obtained results show that the size 
of TiO2 nanoparticles and applied current density during deposition process has a direct 
effect on mechanical and corrosive properties of nanocomposite coatings. Increasing 
current density and smaller nanoparticle size has affirmative effect on mechanical prop-
erties, whereas corrosion resistance of nanocomposite coatings deposited at 3 A dm−2 
current density are higher than the coatings prepared at higher current density values.
Keywords: electrodeposition, coating, ni–TiO2 nanocomposite, corrosion, mechanical properties
inTrODUcTiOn
Ni-based coatings have been widely used in several applications in form of single phase (Ni and Ni 
alloys) and Ni matrix composites/nanocomposites because of their good mechanical properties, high 
corrosion, and wear resistance (Miguel et al., 2015). Several techniques, such as thermal and plasma 
spraying, chemical vapor deposition, physical vapor deposition, sol–gel, and electrodeposition, have 
been investigated for developing composite coatings. Electrochemical deposition from aqueous elec-
trolyte solutions gained importance as an attractive and versatile surface finishing technique. This 
technique has been considered as one of the outstanding techniques for producing composites due 
to remarkable advantages, such as simplicity, low cost, high deposition rate, uniformity of thickness, 
high purity, low porosity, no shape limitations, ease control of microstructure, and chemical com-
position of the deposits (Benea et al., 2014; Goldasteh and Rastegari, 2014; Walsh and Leon, 2014; 
Beltowska-Lehman et al., 2016), and can be conducted at normal pressure and ambient temperature 
with low cost, high deposition rates, and homogenous particle distribution (Gül et al., 2012).
TaBle 2 | electrodeposition parameters of ni–TiO2 nanocomposite 
coatings.
electrodeposition parameters
TiO2 particle size ≈50 and ≈80 nm
Nanoparticle concentration 1 g l−1
Coating duration 10 min
Current density 3, 5, and 7 A dm−2
Bath temperature 45°C
Circulation rate of bath 200 rpm
TaBle 1 | composition of Watts bath.
chemicals amount
NiSO4⋅6H2O 275 g l−1
NiCl2⋅6H2O 50 g l−1
H3BO3 40 g l−1
Saccharin 10 ml l−1
Sodium lauryl sulfate 0.5 ml l−1
TaBle 3 | nomenclature of pure ni and ni–TiO2 nanocomposite coatings.
concentration  
of TiO2
size  
of TiO2
current density (a dm−2)
3 5 7
– – Ni-3 Ni-5 Ni-7
1 g l−1 TiO2 80 nm S80-3 S80-5 S80-7
50 nm S50-3 S50-5 S50-7
2
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Electrodeposition of composite coatings for the production 
of metal matrix composites is composed of a metal matrix elec-
trolyte and dispersed second phase particles (Yang et al., 2009). 
Incorporating a great variety of particles, such as hard oxides and 
carbides (SiO2, Al2O3, TiO2, CeO2, SiC, and WC), solid lubricates 
(PTFE, Graphite, and MoS2), multiwall carbon nanotubes, 
graphene, and diamond, into the metal matrix have been used 
to enhance the lifetime, performance, corrosion resistance, wear 
resistance, and hardness of the metal matrix composite coatings 
(Katamipour et al., 2014; Lia et al., 2016; Thurber et al., 2016).
Among these reinforcements, TiO2 is one of the most important 
oxides used in the engineering materials, due to its applications 
in various processes, such as photo-induced hydrophilic coatings 
and self-cleaning devices, waste water treatment, degradation of 
pesticides, production of hydrogen fuel, pigments, dye-sensitized 
solar cells, and, more recently, monitoring of air contaminated 
by gases from the light produced by energy sources (Benea et al., 
2014). Ni–TiO2 nanocomposite coatings have been investigated by 
several researchers due to its superior anticorrosion performance, 
mechanical properties, and high photo electrochemical activity 
(Mohajeri et al., 2015). These coatings have been extensively used 
in many application fields, such as automotive parts, printed 
circuitry, electrical contacts, engine cylinders, high pressure 
valves, aerospace, medical devices, marine, nuclear field, and soft 
magnetic materials, for magnetic recording (Parida et al., 2011).
Ni matrix composites reinforced by TiO2 nanoparticles can 
be successfully synthesized by electrodeposition utilizing either 
sulfamate or Watts plating baths (Spanou et  al., 2009). During 
this process, the powder particles are suspended in a conventional 
electrolyte and are captured in the growing metal coating (Abdel 
Aal and Hassan, 2009).
Important process parameters for the production of elec-
trodeposited composite coatings are current density, temperature, 
particle size, concentration, and bath composition. It is important 
to adjust the process parameters in order to control the properties 
of the produced composite coatings that depend on the amount of 
incorporated particles and their distribution in the metal matrix, 
as well as, on the microstructural characteristics of the metal 
matrix (Vaezi et al., 2008).
In the present work, Ni–TiO2 nanocomposite coatings were 
produced on steel substrates by means of electrodeposition pro-
cess. Effects of current density and TiO2 nanoparticle size on the 
structure, mechanical, and corrosive properties of the coatings 
were investigated.
eXPeriMenTal
First of all, TiO2 nanoparticles were prepared by sol–gel technique. 
Titanium tetraisopropoxide was used as Ti precursor, glacial ace-
tic acid as catalyst, and 2-propanol as solvent during the process. 
At the final step of the preparation of TiO2 nanoparticles, they 
were heat-treated at 500°C for 1 h. Ni–TiO2 nanocomposite coat-
ings on steel substrates were electrodeposited from a standard 
nickel Watts bath (composition is given in Table 1) with 1 g l−1 
concentration TiO2 nanoparticles and different particle sizes 
(≈80 and 50 nm). All process parameters are given in Table 2. 
It is well-known that the dispersion of ceramic nanoparticles in 
a plating bath is a very important stage of the electrodeposition 
process that strongly influences the nanocomposite properties. 
The Watts bath containing TiO2 nanoparticles was stirred by 
means of a mechanical stirrer for 24  h before electrodeposi-
tion process. During electrodeposition, the electrolyte was 
magnetically stirred at the speed of about 200 rpm in order to 
keep the TiO2 nanoparticles in suspension. Distance between 
the nickel anode and steel cathode was 7 cm. Pure Ni coatings 
were also deposited in order to make comparison with Ni–TiO2 
nanocomposite coatings. Nomenclature of pure Ni and Ni–TiO2 
nanocomposite coatings are given in Table 3.
The phase analysis of the deposited films was analyzed by 
X-ray diffractometer (XRD, Rigaku D/max-2200/PC) with graz-
ing incident of 1° at 40 kV and 36 mA using CuKα radiation. The 
surface morphology and elemental composition of the obtained 
coatings were examined using a scanning electron microscope 
(SEM) equipped with an energy dispersive spectrometry (EDS) 
system (SEM/EDS, JEOL JSM 6060). Elemental mapping was also 
studied in order to illustrate the distribution of TiO2 nanoparti-
cles in Ni matrix.
Nanoindentation tests were carried out using a NanoTest 
instrument (Fischer-Cripps Lab. Pty. Ltd., Model B), using a 
Berkovich indenter with a face angle of 65.3°, which allows 
recording penetration depth as a function of applied loads with 
high load and displacement resolution. The surface roughness 
of coatings was measured by Ambios XP-2 Surface Profilometer. 
In  order to minimize substrate effects, a maximum load of 
FigUre 1 | X-ray diffraction patterns of pure ni coatings and ni–TiO2 
nanocomposite coatings prepared at 3, 5, and 7 a dm−2 current 
densities with 80 and 50 nm sized TiO2 nanoparticles.
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150  mN was applied for measurements, which corresponds 
to a maximum penetration depth of ≈1000  nm. The holding 
time at the maximum load was of 5 s in order to minimize the 
creep effect, which may change the unload curve shape, affect-
ing the final values of the coatings. The Elastic modulus (E) 
and Hardness (H) values were average of five measurements 
performed by applying the indenter on different areas of each 
investigated surface. Hardness (H) and elastic modulus (E) 
were calculated from the load–displacement curves according 
to the procedure outlined by Oliver and Pharr (Oliver and 
Pharr, 1992; Bull, 2005).
The corrosion measurements were carried out in 3.5  wt.% 
NaCl solution at room temperature using a Gamry potentiostat/
galvanostat system controlled by the Gamry Framework software 
and Echem Analyst software, for the acquisition and analysis of 
electrochemical data. A conventional three-electrode cell was 
used for the corrosion experiments. Graphite electrode, Ag/AgCl, 
and prepared coatings were used as counter electrode, reference 
electrode, and working electrode, respectively. Measurement of 
the open circuit potentials (OCP) were performed in the test 
FigUre 2 | surface morphologies of (a–c) pure ni coatings, ni–TiO2 nanocomposite coatings prepared with 80 nm sized nanoparticles (D–F), and 
50 nm sized nanoparticles (g–i) at 1 g l−1 concentration and 3, 5, and 7 a dm−2 current densities.
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solution for 60 min. The potentiodynamic curves were obtained 
sweeping potential, starting at OCP, from −0.5  V vs. Ag/AgCl 
to 0.5  V vs. Ag/AgCl at a scan rate of 0.5  mV/s. Effect of UV 
illumination on the corrosion properties of nanocomposite coat-
ings were also investigated using conventional three-electrode 
cell in order to investigate the possible application of Ni–TiO2 
nanocomposite coatings for the photocathodic protection. 
Measurement of the OCPs was performed under UV illumina-
tion by using Hamamatsu-L9588-01A light source and 250  W 
Hg-Xenon (Hamamatsu-L10852) lamp with wavelength of 
≈365 nm as a source of irradiation. UV illumination was turned 
off afterward OCP potential measurement for 60 min, and then 
Tafel and potentiodynamic measurements were conducted at 
dark conditions.
resUlTs anD DiscUssiOn
X-ray diffractometer patterns of coatings produced at different 
particle sizes of TiO2 nanoparticles in the nickel electrolyte and 
different current densities are shown in Figure 1. All the depos-
ited coatings are characterized by similar XRD patterns showing 
only Ni diffraction peaks. The XRD pattern is characterized by 
(111), (200), and (220) diffraction peaks of Ni phase (JCPDS 
70-1849). The most intensive peak is located at 2θ = 44.48° and 
corresponds to the Ni (111) reflection. It is obvious from the pat-
tern that peak intensities increase with increasing current density 
from 3 to 7 A dm−2 for both nanocomposite coatings produced at 
different particle sizes of TiO2 nanoparticles. On the other hand, 
as is evident from XRD results, the addition of TiO2 nanoparticles 
to Ni matrix and decrement of TiO2 nanoparticles size from 80 
to 50 nm results in a decrease of Ni phase peak intensities, and 
this may be interpreted as a contribution of nanoparticles to the 
coating structure causes such a change at the diffraction pattern. 
Daneshvar-Fatah and Nasirpouri (2014) have reported similar 
results in their study.
Figure  2 depicts the surface morphologies of pure Ni and 
Ni–TiO2 nanocomposite coatings prepared at different cur-
rent densities with different TiO2 nanoparticles sizes. Higher 
magnification (5000×) of the SEM images was given at the top 
right-hand corner of each image for all samples. In general, all 
surface morphologies are crack-free and have homogeneous, 
smooth, and uniform surface distribution. EDS mapping results 
of Ni–TiO2 nanocomposite coatings, prepared at 7  A  dm−2 
current density, are illustrated in Figure 3 as an example. Both 
the Ni composition and the TiO2 nanoparticles distribution are 
homogeneous.
Nanoindentation is a suitable technique to measure mechanical 
properties of nanostructures (Wang et al., 2014). Representative 
load–displacement curves of the investigated coatings are dis-
played in Figure 4. The maximum indentation depth at 150 mN 
applied load (≈1000 nm) is less than 1% of the coating thickness 
and twice as much of surface roughness, excluding any influence 
of the substrate on the experimental results. The surface roughness 
has a significant influence on both hardness and elastic modulus 
of coatings determined from the nanoindentation tests. In order 
to rule out the influence of surface quality, the indentation depth 
should be much greater than the size of surface roughness (Jiang 
et al., 2008). The maximum penetration depth achieved at the end 
of the loading is smaller for the Ni–TiO2 nanocomposite coating, 
suggesting that the TiO2 nanoparticles play a reinforcing role, 
increasing the hardness of the nanocomposite coating. Elastic 
Modulus (E) and Hardness (H) of nanocomposite coatings are 
listed in Table 4. It was found that the both (E) and (H) values 
of Ni–TiO2 nanocomposite coatings are higher than that of pure 
Ni coating prepared under the same conditions. According to 
Orowan’s theory (Hosford, 2005), hard reinforcing particles 
force moving dislocations into bowing out between them, 
hindering their motion and leaving behind dislocation loops, 
which increase the stress required for the propagation of other 
incoming dislocations. This mechanism becomes more active 
FigUre 3 | eDs mappings of ni, Ti, and O elements for the ni–TiO2 nanocomposite coatings prepared at 7 a dm−2 current density with 50 nm sized 
TiO2 nanoparticles. (a) S80-7 and (B) S50-7.
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FigUre 4 | representative load–displacement nanoindentation curves 
corresponding to the ni coating and ni–TiO2 nanocomposite coating.
FigUre 5 | Potentiodynamic polarization curves of pure ni and ni–TiO2 
nanocomposite coatings deposited with 80 nm sized TiO2 nanoparticles 
at 1 g l−1 concentration and 3, 5, and 7 a dm−2 current densities.
role in the whole strengthening of the nanocomposite coatings. 
Additionally, it can be noticed that with increasing current den-
sity, there is a slight increase at E and H values of coatings. By an 
increase in current density, crystallite and grain size refinement 
occur, which results in increase in grain boundary fraction. Grain 
boundaries hinder dislocation motion, and this is one of the main 
causes of strengthening (Daneshvar-Fatah and Nasirpouri, 2014). 
Additionally, wear resistance is often correlated to mechanical 
parameters, such as H/E and H3/E2 ratios, which provide simul-
taneous information about resistance to plastic deformation and 
elastic properties of materials (Sakharova et al., 2010). Based on 
these parameters, the coating S50-5 is expected to exhibit higher 
tribological performance.
Potentiodynamic polarization curves of Ni–TiO2 nanocom-
posite coatings are presented in Figures 5 and 6. Electrochemical 
parameters of the corrosion potential (Ecor) and corrosion current 
density (Icor) were derived from Tafel extrapolation method, and 
the results are summarized in Table  5. Ecor value of Ni–TiO2 
nanocomposite coatings with 80 and 50  nm nanoparticles 
TaBle 4 | Mechanical properties of nanocomposite coatings.
coating h (gPa) e (gPa) h/e h3/e2
Ni-3 8.51 262.67 0.032 0.0089
S80-3 9.98 313.14 0.032 0.0101
S50-3 9.24 266.14 0.035 0.0111
Ni-5 9.71 250.12 0.039 0.0146
S80-5 11.88 300.73 0.040 0.0185
S50-5 11.60 280.06 0.041 0.0199
Ni-7 10.92 295.15 0.037 0.0149
S80-7 11.61 307.95 0.038 0.0165
S50-7 12.06 305.5 0.039 0.0188
FigUre 6 | Potentiodynamic polarization curves of pure ni and  
ni–TiO2 nanocomposite coatings deposited with 50 nm sized TiO2 
nanoparticles at 1 g l−1 concentration and 3, 5, and 7 a dm−2 current 
densities.
TaBle 5 | corrosion potential (Ecor) and corrosion current density (Icor) 
values of pure ni and ni–TiO2 nanocomposite coatings.
Ecor (mV) Icor (a cm−2)
S80-3 −318 3.25 × 10−6
S80-5 −371 1.36 × 10−6
S80-7 −394 3.76 × 10−6
S50-3 −277 0.83 × 10−6
S50-5 −295 0.99 × 10−6
S50-7 −326 1.47 × 10−6
S80-3-UV −240 1.79 × 10−7
S80-5-UV −342 0.90 × 10−6
S80-7-UV −336 1.29 × 10−6
S50-3-UV −249 3.47 × 10−7
S50-5-UV −326 1.03 × 10−6
S50-7-UV −309 1.02 × 10−6
Pure Ni −407 4.09 × 10−6
with increasing volume fraction and smaller size of the particles 
(Miguel et  al., 2015). In our case, the TiO2 nanoparticles’ low 
content and distribution ruled out the possibility of a significant 
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deposited at lower current densities shifted to noble direction. 
A higher corrosion resistance is commonly associated to a higher 
EOC value. Obtained results show that corrosion resistance of 
nanocomposite coatings deposited at 3 A dm−2 current density 
are higher than the coatings prepared at higher current density 
FigUre 7 | Potentiodynamic polarization curves under the effect of 
UV illumination of pure ni and ni–TiO2 nanocomposite coatings 
deposited with 80 nm sized TiO2 nanoparticles at 1 g l−1 concentration 
and 3, 5, and 7 a dm−2 current densities.
FigUre 8 | Potentiodynamic polarization curves under the effect of 
UV illumination of pure ni and ni–TiO2 nanocomposite coatings 
deposited with 50 nm sized TiO2 nanoparticles at 1 g l−1 concentration 
and 3, 5, and 7 a dm−2 current densities.
values. The electrochemical characteristics of nanocomposite 
coatings were also investigated under UV illumination, and the 
results are illustrated in Figures 7 and 8. UV illumination was 
applied during OCP measurement, and afterward it was turned 
off, and then Tafel and potentiodynamic measurements were con-
ducted at dark conditions. Nanocomposite coatings illuminated 
with UV light exhibit better corrosion resistance compared to 
visible light measurements.
cOnclUsiOn
Ni matrix nanocomposite coatings have been produced by the 
electrodeposition process on steel substrates. The microstructure 
and mechanical properties of the films were studied, obtaining 
the following results:
 – All the deposited coatings are characterized by similar XRD 
patterns showing only Ni diffraction peaks. Generally, peak 
intensity of the coatings increases with increasing current 
density values, and contribution of nanoparticles to the coat-
ing structure causes a decrease of Ni phase peak intensities.
 – All surface morphologies are crack-free, homogeneous, and 
TiO2 nanoparticles in the coating structure have uniform 
surface distribution.
 – Both E and H values of Ni–TiO2 nanocomposite coatings 
are higher than that of pure Ni coating prepared under the 
same conditions indicating better mechanical properties of 
nanocomposite coatings.
 – Corrosion resistance of nanocomposite coatings deposited at 
3  A  dm−2 current density are higher than the coatings pre-
pared at higher current density values and pure Ni coatings. 
Additionally, UV illumination during OCP measurements 
have an affirmative effect on corrosion resistance, especially 
for nanocomposite coating prepared with 50 nm sized TiO2 
nanoparticles.
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